Abstract The temporally and spatially resolved optical emission spectrum of Hα of a pulsed spark discharge in water was experimentally measured. The temporally and spatially resolved electron densities, along the radial direction of the spark filament, for a pulsed spark discharge in water with a conductivity of 100 µS/cm were investigated. The electron density in the spark filament was found to be in the 10 18 /cm 3 order of magnitude. The highest electron density was measured at the primary stage of the spark filament, and it decreased with time. The radial distribution of electron density increased from the center to the edge of the spark filament.
Introduction
Underwater spark discharges have attracted significant attention for various applications, such as water and wastewater treatment [1] , nanomaterial synthesis [2, 3] , and electrical discharge machining [4] . The spark discharge usually forms a brilliant filament which connects the two metal electrodes in water [5−8] . Strong emission of the Balmer hydrogen α (Hα) line in the filament has been observed [9] , providing a means for estimating the electron density in the discharge plasma [10] . Descoeudres [11] measured the spatially resolved Hα line (along the axial direction of filament) for the underwater pulsed spark discharge by accumulating thousands of discharge pulses over several seconds and obtained an electron density in the order of 10 16 /cm 3 to 10 17 /cm 3 . However, neither the temporally nor radially resolved electron density in the spark filament was obtained. Bragança [12] measured the temporally resolved electron density for pulsed spark discharge in water and found that it decreased with time, but did not provide the spatially resolved electron density. It is challenging to measure the temporally and spatially resolved electron density of a single spark filament because of its highly transient nature. Moreover, the thin spark filament, approximately 1 mm in diameter, makes it difficult to measure the radial distribution of electron density.
In this study, we have measured the temporally and spatially resolved optical emission spectrum of a single spark filament in water. Temporally and spatially resolved electron densities of the spark filament in water were investigated by using the variations of the Stark broadening of the Hα line.
Experiment
The schematic of the experimental setup is shown in Fig. 1 . The point electrode consists of a 1 mm diameter stainless steel wire, whose tip was tapered to ∼ 50 µm. The plate electrode was made of a polished stainless steel disk with 10 mm diameter and 1 mm thickness. The electrode system was set in a water bin of dimension 70 mm×70 mm×80 mm, and the gap distance between the electrodes was fixed at 5 mm. The water bin was filled with water of conductivity 100 µS/cm during the experiment. The spark discharge was generated between the electrodes by applying a pulsed positive high voltage, which had a maximum voltage of 40 kV and a full width at half maximum (FWHM) of 400 ns, to the point anode through a high voltage pulse generator. The discharge voltage was detected by a high-voltage probe (P6015A) and the current was measured by a current probe (Pearson6585) [13] . The axis of the point anode was perpendicular to the entrance slit of the monochromator ( Fig.1 (b) ). The light emitted from the spark filament was collected by a lens and formed an image on the entrance slit plane with a magnification of three. This reduced the image intensity in the measurements but increased the radial resolution, providing more accurate data for following Abel inversion. The position of the electrode system was adjusted along the horizontal direction, so that the light emitted from the middle of the filament passes through the slit and projects a spectrum image onto a charge-coupled device (CCD).
Fig.1 Experimental setup
The detector was an intensified CCD (ICCD) camera (Pro-HSFC), which comprised four ICCD camera modules with CCD pixels of 1280×1024 and each pixel of size 6.7 µm×6.7 µm. Before conducting the experiment, the system was calibrated by a He-Ne laser (632.8 nm). The measured broadening of the instrument was 0.18 nm for a 100 µm slit width, and the CCD pixel resolution was 0.028 nm/pixel for the grating 600 grooves/mm. During the experiment, the central wavelength of the monochromator (Princeton SP2750) was fixed at 656.28 nm for measuring the Hα line of the spark filament. A data matrix was then obtained, in which the wavelength of the emitted light was along the horizontal axis whereas the light coming from each lateral position in the spark filament was along the vertical axis.
The measured lateral intensities I(x) are usually an integration of the radial emission ε(r) along the line of measurements ( Fig. 2 ) and can be expressed as follows [14] :
where y 0 is the y coordinate of the plasma edge at each x value. By using x 2 + y 2 = r 2 and x 2 + y 2 0 = R 2 , Eq. (1) can be rewritten as
Thus the radial emission ε(r) can be obtained from the measured I(x) values by Abel inversion:
where I (x) is the first derivative of I(x) with respect to x, r is the radial position from the central line of the spark filament, and R is the radius of the spark filament. Since the measured I(x) is given by discrete values rather than by a mathematical function, many numerical algorithms have been developed to solve the problem of Abel inversion [14, 15] . In this study, the Hankel-Fourier algorithm was chosen because of its high accuracy. 
Results and discussions
The typical waveforms of the discharge voltage and current are shown in Fig. 3(a) . During the initiation stage of the discharge, many luminous filaments develop and propagate through water with a velocity of about 35 km/s [16] . When a streamer filament reaches the cathode plate, a brilliant filament bridges the gap between the pin-plate electrodes and the discharge changes into a spark discharge. The first jumping point in the current that appears in Fig. 3(a) corresponds to the inception of the streamer discharge [16] . The time between the streamer inception point and the second jumping point in the current is about 170 ns. During this time interval, the streamer propagates about 6 mm in the water. This means that the streamer has bridged the gap between the pin-plate electrodes at the second jumping point in the current and that the discharge has changed into a spark discharge, leading to the sharp current peak that follows. The current peak drops quickly as the discharge voltage drops, and then increases and oscillates with the tail of the discharge voltage. During this stage, the resistance between the electrodes remains around 135 Ω. This suggests that the discharge does not change into arc discharge at the tail of the discharge voltage.
The onset setting of the exposure and delay time of the camera system is shown in Fig. 3(b) , where the streamer inception point is taken as time "0" [16] . The exposure times were 40 ns, 200 ns, and 200 ns, 200 ns and the delay times were 100 ns, 160 ns, 380 ns, and 600 ns for the camera channel 1-4, respectively. During the experiment, the average time of streamerto-spark transition for different discharge pulses was 170±10 ns, and the small deviation in the streamerto-spark transition time from pulse to pulse had no significant influence on the accuracy of the temporal resolution. A typical spectrum image recorded by the camera system is shown in Fig. 4(a) . In order to improve the signal-to-noise ratios, the spectrum image was divided into 32 bands along the horizontal direction (λ direction in Fig.4 (a) ), with each band containing 40 pixel columns. The gray value of all 40 pixel columns in one band of the image was then totaled. The central wavelength of each divided band was taken as the corresponding wavelength of each totaled band. Since Abel inversion is very sensitive to noise in the intensity profiles, the Savitzky-Golay smoothing technique was used to reduce distortion in the intensity profiles of each totaled band [14] . Then, each totaled band was transformed into radial emissivity by Abel inversion, and the resulting image is shown in Fig. 4(b) .
In order to obtain the radial distribution of the Hα line, the spectrum image was divided into six bands of 0.1 mm width each along the radial direction of the spark filament [17] (r direction in Fig. 4(b) ). The distance of the first band to the central axis of the spark filament was 0.3 mm because Abel inversion shows the greatest error at the central zone of the plasma [18, 19] (when r is closes to zero). Each band of the spectrum image was then converted into a Hα spectrum curve and fitted by the Lorentz function. The obtained spatially resolved Hα spectra are shown in Fig. 4(c) . The Hα spectra profiles before and after the spectrum image were divided into 32 bands along the horizontal direction and are shown in Fig. 5 . By fitting the Hα spectra profile with a Lorentz function, it can be seen that the FWHM of the Hα spectra has a good agreement between these two cases, indicating that the 32 bands division along the horizontal direction has no significant influence on the Hα spectra profiles. In dense plasmas such as underwater spark discharge, line broadening is dominated by the Stark effect. Other broadening mechanisms such as Van der Waals and Doppler effect can be neglected [4, 20] . Thus the electron density at each radical band can be estimated by the following equation [21, 22] :
where N e is the electron density in a per cubic centimeter, ∆λ (in nanometer) is the FWHM of Hα spectra broadened by the Stark effect, and α is the Stark constant [23] which has no significant dependence on plasma temperature in the range of 5000-40000 K [21] . During the experiment, 80 series of spectrum images were recorded with each series for a single spark filament. Among them, five series with a good axial symmetry were selected for analyzing. For each spark filament, electron densities at different radial positions were measured, and the results are shown in Fig. 6(a) . The electron density differs from pulse to pulse, ranging from 3×10
18 cm −3 to 7×10 18 cm −3 . The average electron densities of the five discharge filaments at corresponding distances from the center of the filaments were deduced, and the results are shown in Fig. 6(b) . These results reveal that the electron density gradually increases from the center to the edge of the spark filament. The electron density near the central zone is about half its value at the spark filament edge. During the underwater spark discharge, a gaseous channel forms between the two metal electrodes. The electric field is non-uniform in the gaseous channel and its highest value occurs at the vapor-water interface [24, 25] . This means that the electron impact ionization occurs more easily near the spark filament edge, resulting in the electron density increases from the center to the edge of the spark filament. Sommers [26] found a similar increase in the electron density from the center to the edge of a bubble surrounded by water. The spatio-temporal evolution of the electron densities in a single spark filament is shown in Fig. 7 . The highest electron density was measured at the early stage of the spark filament (360 ns), and then it decreased with time, keeping the radial distribution profile unchanged. This temporal decrease in the electron density may have been caused by the rapidly expanding spark filament as more energy is injected into the water through the spark filament [9, 20] . Fig.7 Time evolution of radial electron density during a spark discharge pulse
Summary
The temporally and spatially resolved optical emission spectrum of the Hα line of a pulsed spark discharge in water was experimentally measured. The temporally and spatially resolved electron densities, along the radial direction of the spark filament, for a pulsed spark discharge in water with a conductivity of 100 µS/cm were investigated. The electron density in the spark filament was found to be in the 10 18 /cm 3 order of magnitude and decreased with time. The radial distribution of the electron density increased from the center to the edge of the spark filament.
